Iron deficiency is one of the most common human nutritional disorders in the world today (1) . Indeed, iron is an essential nutrient for virtually all organisms because it plays a critical role in important biochemical processes such as respiration and photosynthesis. Although abundant in nature, iron is often available in limited amounts because the oxidized form, Fe(III), is extremely insoluble at neutral or basic pH. This fact is of particular importance to agriculture because approximately one-third of the world's soils are classified as irondeficient (2) . Many "iron-efficient" plant varieties have iron uptake strategies (designated strategy I or strategy II) that, not surprisingly, are directed at solubilizing iron (3) . Strategy II plants, which includes all of the grasses, release Fe(III)-binding compounds called "phytosiderophores" into the surrounding soil that bind iron and are then taken up into the roots. Most other iron-efficient plants use strategy I and respond to iron deprivation by inducing the activity of membrane-bound Fe(III) chelate reductases that reduce Fe(III) to the more soluble Fe(II) form. The Fe(II) product is then taken up into the roots by an Fe(II)-specific transport system that is also induced by iron-limiting growth conditions (4) . Furthermore, the roots of strategy I plants release more protons when iron-deficient, lowering the rhizosphere pH and thereby increasing the solubility of Fe(III).
We have used functional expression in yeast to identify a gene that encodes a probable Fe(II) transporter expressed in the roots of the strategy I plant Arabidopsis thaliana. There is striking similarity between iron uptake in strategy I plants and the mechanism of iron uptake in Saccharomyces cerevisiae (2) . In S. cerevisiae, Fe(III) reductases in the plasma membrane reduce extracellular Fe(III) to Fe(II) (5) (6) (7) . The Fe(II) product is then taken up by either of two uptake systems. One system, with low affinity for substrate, requires the Fe(II) transporter encoded by the FET4 gene (8) . The second system has high affinity for Fe(II) and is induced under conditions of iron limitation. The high affinity system requires the FET3 multicopper oxidase for activity (9, 10) . It has been proposed that FET3, as one component of a multisubunit transporter complex, is responsible for oxidizing Fe(II) back to Fe(III) during the transport process. A fet3 fet4 double mutant, although viable, is extremely sensitive to iron limitation (8) . In this report, we describe the successful isolation and characterization of a gene from A. thaliana, IRT1, that suppresses the growth defect of afet3fet4 strain on iron-limited media. To our knowledge, IRTI is the first gene encoding an Fe(II) transporter to be cloned from plants or animals.
MATERIALS AND METHODS
Yeast Growth Conditions and Library Screening. Yeast cells were grown in 1% yeast extract, 2% peptone supplemented with 2% glucose (YPD). The pH of liquid YPD medium was lowered to pH 4.0 with HCl to aid growth offet3 fet4 double mutants. YPD medium was made iron-limiting by adding 80 ,uM bathophenanthroline disulfonate (BPS; Sigma). Cells were also grown in synthetic defined medium (SD, 6.7 g/liter of yeast nitrogen base without amino acids) supplemented with 20 g/liter of glucose and necessary auxotrophic supplements. This medium was also supplemented with 10 gM FeCl3 and the pH was lowered to 3.5 to aid growth of the fet3 fet4 strain. DEY1453 (MATa/MA Ta ade2/+ canl/canl his3/ his3 leu2/leu2 trpl/trpl ura3/ura3 fet3-2::HIS3/fet3-2::HIS3 fet4-1::LEU2/fet4-1::LEU2) was transformed using standard procedures (11) with a plasmid library containing A. thaliana cDNAs inserted under the control of the phosphoglycerate kinase promoter in pFL61 (12) . The poly(A)+ RNA used to construct this library was isolated from whole young seedlings (stage two leaves) grown on an iron-sufficient medium. Ura+ transformants were isolated, pooled into 100 groups of 30,000 transformants each (i.e., 3 x 106 total transformants), and 1 x 106 cells from each pool were inoculated onto 100 YPD plus 80 ,M BPS plates. Cells plated from six pools of transformants gave rise to several large colonies on this medium and a single colony was selected from each pool for further analysis. Plasmids were selectively removed from transformants using 5-fluoroorotic acid (13) .
Yeast DNA Manipulations. Escherichia coli TOPlOF' cells (Stratagene) were used for all recombinant DNA procedures.
The plasmid pZH1 was constructed by inserting the 1.4 kb NotI insert fragment from one isolate, pIRT-1, into the NotI site of pBluescript SK (+) (Stratagene). Sequence analysis of the insert in pZH1 was performed by LARK Sequencing Technologies (Houston). Computer database comparisons were performed using BLAST software (conducted Nov. 1995) (14) ; Abbreviations: BPS, bathophenanthroline disulfonate; EST, expressed sequence tag.
Data deposition: The sequence reported in this paper has been deposited in the GenBank data base (accession no. U27590).
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hydropathy analysis was performed and potential transmembrane segments were identified using the TOP-PREDII program (15) .
Iron Uptake Assays. Iron uptake assays using 55FeC13 (Amersham) were performed as described (7) (26) .
RESULTS AND DISCUSSION
Isolation and Sequence Analysis of the IRT1 Gene. An A. thaliana cDNA library was screened for clones that, when expressed in S. cerevisiae, could restore iron-limited growth to a yeast strain defective for iron uptake. A fet3 fet4 double mutant is sensitive to iron limitation due to its reliance on additional and apparently less efficient uptake mechanisms. This mutant strain was transformed with anArabidopsis cDNA library constructed in a yeast expression vector, and approximately 3 x 106 independent transformants were screened on a rich medium made iron-limiting by adding the Fe(II) chelator, BPS. Six independent transformants that formed larger colonies on this medium were isolated. The plasmids carried by these transformants were required for the improved growth; this ability was lost when the plasmid was removed from each strain. Restriction endonuclease mapping indicated that all six 8 (30) (31) (32) .
IRTI is a Member of a Gene Family. The predicted amino acid sequence of IRT1 has no detectable similarity to FET3 (8), FET4 (9) , or COPT1, a putative copper transporter from A. thaliana (33) . Also, although they share the same number of potential transmembrane domains, there is no detectable similarity between IRT1 and the E. coli Fe(II) transporter protein encoded by the feoB gene (34) . The lack of similarity among these proteins suggests that each may transport the substrate by a different biochemical mechanism. However, comparison of the IRT1 amino acid sequence with GenBank, EMBL, and SWISS-PROT databases identifies two closely related sequences in Arabidopsis. Amino acids 8 through 127 of IRT1 are 72% (86 of 119) identical and 86% similar (i.e., identities plus conservative substitutions) to the predicted amino acid sequence of a cDNA partially sequenced as an EST (Fig. 1B) (35) . We refer to this gene as IRT3.
A low stringency Southern blot using IRTI as the probe confirmed that IRT1 is a member of a small gene family (Fig.  2) . A comparison of the hybridization patterns seen on Southern blots using IRT1 and IRT2 as probes indicates that some of the bands seen on the low stringency Southern blot probed with IRT1 can be attributed to IRT2. When A. thaliana DNA was digested with EcoRI, IRT1 and IRT2 hybridized strongly to 4.2-and 9.6-kb fragments, respectively. The same fragments showed weak (but visible) hybridization with the opposite probes, i.e., IRT1 weakly hybridized to the 9.6-kb fragment and IRT2 weakly hybridized to the 4.2-kb band. Digestion with the enzymes HincII and Aval generated a 1.2-kb fragment that hybridized strongly to IRT1 and a 1.8-kb fragment that strongly hybridized to IRT2. Again, both fragments showed weak hybridization to the opposite probes. With both digestions, other weakly hybridizing fragments were visible that could not be attributed to Database comparisons also identified IRTJ-related genes in the genomes of rice (a strategy II plant) (Fig. IB) , yeast, nematodes, and humans (data not shown). The rice gene was identified as an EST and has 64% identity and 82% similarity to IRT1 over an 84-aa region. Two related S. cerevisiae genes (GenBank accession nos. P32804 and X91258) were identified. Both of these genes encode proteins that are similar in length to IRT1 (376 and 422 amino acids) and are -30% identical and 60% similar to IRT1. These genes were identified as open reading frames in the course of genomic sequencing and their functions are currently being investigated. The nematode sequence (GenBank accession no. U28944) was also identified by genomic sequencing and has 23% identity and 47% similarity to IRT1 over an 84 amino acid stretch. Finally, a human EST (GenBank accession no. H20615) was identified with 31% identity and 43% similarity to IRT1 over 82 amino acids. Given their close similarity to IRTI, we propose that these related genes may encode metal transporters in the organisms in which they are found.
IRTI Expression in Yeast Confers Iron Uptake Activity. To determine if IRT1 encodes an iron transporter, we examined 55Fe uptake rates in afet3fet4 strain expressing IRTL. Little or no uptake was detected at 0°C for either IRT1-expressing or untransformed control cells (Fig. 3A) . At 30°C, IRT1 expression resulted in an increased uptake rate for the first 10 min of the assay, after which the rate dropped to the control level. The IRT1-dependent rate was #3-fold higher than the control uptake rate. No increased uptake was apparent in strains bearing either of two randomly selected clones from the library (data not shown), indicating the dependence of these uptake effects on expression of IRTL. The iron uptake activity dependent on IRT1 expression was also concentrationdependent and saturable (Fig. 3B) . The concentration dependence of IRT1-mediated uptake was found to generate a linear Eadie-Hofstee plot (Fig. 3B, Inset) with an apparent Km of 6 ± 1 ,uM and a Vmax of 1.9 ± 0.4 pmol per min per 106 cells.
Taken together, these results indicate that IRT1 expression in yeast produces a time-, temperature-, and concentrationdependent system of iron uptake.
The experiments described above were conducted with iron supplied as Fe(II), i.e., in the presence of ascorbate, an agent capable of reducing Fe(III) to Fe(II). To determine if Fe(II) is the preferred substrate over Fe(III), assays were carried out in the absence of ascorbate where iron is supplied to the cells as Fe(III). We found that the iron uptake rate in the absence of ascorbate was 10% of the rate when ascorbate was present (Fig. 4A) (39) . We have designated this gene ZRT1.
